Subunits 6 and 8 of the mitochondrial ATPase in Saccharomyces cerevisiae are encoded by the mitochondrial genome and translated from bicistronic mRNAs containing both reading frames.
RESULTS

aep3 mutants do not respire -Part of the ORF YPL005W (AEP3) reading frame was deleted
and replaced with HIS3 in the wild type haploid strains LL20 and iLL20. The two strains have identical genotypes except that iLL20 has an intronless mitochondrial genome. The resultant mutants AP3H and iAP3H, with and without mitochondrial introns, respectively, were viable but unable to grow on the non-fermentable carbon source glycerol (data not shown). This growth phenotype, a hallmark of respiratory deficient mutants, indicates a direct requirement of AEP3 for the support of respiration or a requirement of AEP3 for mtDNA stability. The retention of a wild-type (rho + ) mitochondrial genome in AP3H and iAP3H was tested by mating each strain to the rho o tester aCB11rho o . In these crosses, heterozygous diploid cells with a recessive nuclear aep3 mutation are respiratory competent if they contain a rho + genome, or are respiratory defective if they have mutations in or sustain a loss of mtDNA. The crosses indicated that approximately 50% of the input AP3H and iAP3H cells had normal mitochondrial genomes (data not shown). These results confirm a direct requirement of AEP3 for respiratory competence but also indicate that aep3 mutations elicit instability of the mitochondrial DNA.
The intronless aep3 mutant has reduced levels of cytochromes and lacks oligomycin-sensitive
ATPase activity -The failure of intronless mtDNA to suppress the aep3 null mutation strongly argues against a role of the encoded product in intron processing (22). To simplify interpretation, all the biochemical data reported here were obtained with the intronless iAP3H mutant. Spectra of mitochondrial cytochromes in the ∆aep3 mutant showed detectable cytochrome b and cytochrome a+a3 (Fig. 2) . The wild type and mutant mitochondria were also assayed for NADH cytochrome c reductase and cytochrome c oxidase (Table II) . Both NADH cytochrome c reductase and cytochrome c oxidase activities were reduced 7-fold in the mutant strain. The extent of reduction measured in the enzymatic assays mirrors the reduction seen in the cytochrome spectra and is partially attributable to the rho -/rho o population (50-60%) in the culture used for the preparation of mitochondria. Though the aep3 mutant strain retained 15% of the enzyme activities, it did not respire at all, whereas leaky mitochondrial protein synthesis mutants in which mitochondrial translation products and respiratory chain enzymes are down to less than 5% of wild-type levels grow slowly on rich glycerol/ethanol medium (A. Tzagoloff, unpublished observation).
The instability of mtDNA in aep3 mutants combined with their pleiotropic deficiency of respiratory chain components is characteristic of ATPase mutants (24-26). The requirement of AEP3 for expression of the proton translocating ATPase was confirmed by assay of oligomycinsensitive ATPase in isolated mitochondria, which showed the aep3 mutant was completely deficient in this activity (Table II) Mitochondrial translation products were pulse-labeled in vivo in the presence of the cytoplasmic translational inhibitor cycloheximide, and total cellular proteins were separated by SDS-PAGE (Fig. 3 ). Subunit 9 (Atp9p) was unaffected in the mutant strain, but both subunits 6 (Atp6p) and 8 (Atp8p) were almost undetectable. The absence of these two F o constituents explains the lack of inhibition of the ATPase by oligomcyin and the resultant respiratory deficiency of the mutant strain.
ATP8/6 mRNA is destabilized in the aep3 mutant -Since subunits 6 and 8 of F o are translated from the same bicistronic mRNAs, the absence of both proteins in the aep3 mutant suggested that Aep3p may function in processing of the COX1/ATP8/6 precursor RNA or in stabilizing the processed ATP8/6 mRNAs. This was examined by Northern analysis of mitochondrial RNAs in the parental wild type and the aep3 mutant strain. The relative levels in the aep3 mutant strain of the ATP9, COX3 and VAR1 mRNAs normalized to COX2 mRNA were not significantly different from those of wild type, while the level of COB mRNA was reduced by approximately 30% in the mutant strain (Table III) . However, a probe specific for ATP8/6 showed that the aep3 mutant lacked the shorter ATP8/6 mRNA and had only 34% of wild-type levels of the longer ATP8/6 mRNA (Fig. 4) . The much larger transcript detected in the aep3 null mutant by both the ATP8/6 and the COX1-specific probes corresponds to the unprocessed COX1/ATP8/6 precursor (Fig. 4) . The COX1 probe also detected wild type levels of mature COX1 mRNA in the mutant (Fig. 4) . These data suggest that the principal effect of the aep3 mutation is on the stability of the ATP8/6 mRNAs. The accumulation of some COX1/ATP8/6 precursor RNA in the mutant, however, indicates that absence of Aep3p also affects cleavage of this initial transcript. Aep3p is associated with the membrane or is in a complex of a sufficiently large mass to cosediment with the membrane fraction. The latter possibility was excluded by centrifugation of the membrane vesicles through a discontinuous sucrose gradient. Aep3p banded with Cox2p, a cytochrome oxidase marker for the mitochondrial inner membranes, at the 30/50% sucrose interface (Fig 5C) . In this gradient, large protein complexes band at the higher density defined by the 60/80% sucrose interface (27).
Localization of Aep3p
To ascertain if Aep3p is an integral or extrinsic membrane protein, mitochondria were extracted with alkaline carbonate. Under the conditions used, 50% of Aep3p was solubilized, indicating that it is not an integral membrane protein (Fig. 5B ). Mss51p and Cox4p (not shown), both extrinsic proteins of the inner membrane, were solubilized to approximately the same extent as Aep3p by the carbonate treatment.
The submitochondrial localization of Aep3p was examined by testing its susceptibility to proteinase K in mitochondria and mitoplasts. Aep3p was protected against protease digestion in both mitochondria and mitoplasts (Fig. 6) . The substantial decrease of cytochrome b 2 in the mitoplasts indicated that the hypotonic treatment resulted in efficient lysis of the outer membrane. This was also supported by the loss of Sco1p in the proteinase K treated mitoplasts.
Sco1p is an intrinsic constituent of the inner membrane facing the intermembrane space (28).
The intactness of the inner membrane in the mitoplast preparation was confirmed by the resistance of the matrix protein α-ketoglutarate dehydrogenase to proteinase K digestion. These results together with the solubility properties of Aep3p indicate that it is an extrinsic inner membrane protein facing the matrix side of the membrane. biogenesis (29, 30) . Analysis of these genomics data using sequential bioinformatics screening procedures enables the identification of a subset of genes involved in a specific process. In the present study, a sequential screen of all yeast ORFs for those encoding mitochondrial proteins, followed by a search for sequence motifs commonly found in RNA-interacting proteins, led to the identification of AEP3 as a strong candidate for a mitochondrial protein involved in RNA metabolism.
The phenotypes of aep3 mutants suggest a role for Aep3p in ATP8/6 mRNA formation and stability. COX1, ATP8 and ATP6 are transcribed as a multigenic transcript, which is processed at the 3´ end of COX1 to release the COX1 mRNA from the downstream ATP8/6 mRNA. Further cleavage of the ATP8/6 mRNA results in a second, shorter ATP8/6 mRNA with a 5´ end that maps to a site 600 nt downstream of the COX1 3' end (31). Northern analysis of RNAs in the aep3 deletion strain suggests that Aep3p stabilizes both ATP8/6 mRNAs. In addition, the presence of unprocessed COX1-ATP8/6 precursor RNA in the aep3 mutant strain suggests Aep3p may have a role in processing the 3´ end of COX1 mRNA. Since this cleavage occurs at a dodecamer sequence common to 3´ processing of all mitochondrial mRNAs (32), and only the COX1-ATP8/6 RNA processing event was affected in the aep3 mutant strain, a more likely hypothesis is that processing at the dodecamer sequence of the COX1-ATP8/6 transcript is stalled because of a feedback mechanism that senses problems in downstream events such as processing, stabilization, or translation of the bicistronic ATP8/6 mRNAs.
Aep3p could be required solely for processing of the longer ATP8/6 RNA to the shorter form. A mutation preventing this step could lead to degradation of the precursor RNAs. This possibility is also unlikely, since the longer transcripts are stable in a pet127 mutant in which processing of the longer to the shorter form is blocked (33). The effect of the aep3 mutation on on a 12% polyacrylamide gel containing 6M urea and glycerol to maximize separation of the ATPase subunit 6 from Cox3p, and on a 17.5% gel to improve the separation of ATPase subunits 8 and 9. The proteins were transferred to a nitrocellulose membrane and exposed to X-ray film.
The mitochondrial translation products are identified on the left of each gel. In this experiment, the percentage of rho + cells was 48%. Approximately 5 µg of mitochondrial RNA of the wild type strain iLL20 and the aep3 mutant iAP3H was separated by electrophoresis on a 1.25% agarose gel. The RNAs were blotted onto Nytran, and hybridized separately to probes specific for individual mitochondrial transcripts.
Blots were analyzed on a Phosphorimager. Though the levels of all aep3 mitochondrial RNAs were lower than wild type due to the presence of rho -/0 cells in the culture, the relative levels of COX3, ATP9 and VAR1 mRNAs were not significantly different than those of wild type when normalized to the level of COX2 mRNA (Table III) . The concentrations of the transcripts in the mutant relative to wild type were 34% for the long ATP8/6 mRNA, 0% for the short ATP8/6 mRNA, and 93% for COX1 mRNA. 
